Dynamic stability measurements from tunnel unsteadiness excited random response AIAA-78-831 by Sundaramurthy, H et al.
n v n m w T r  c m n n T r  T'FV ~ ~ W Z ~ I I ~ ~ V P ~ ~ ~ P  
FROP TUNNEL URSTEADICJESS EYYITED RAF!DOv RESPONSE 
H. S u n d a r a  "urtFIy*+ R . V .  J a t e g a o n k a r ' S  a n d  S .  B a l a k r i s h n a * + +  
N a t i o n a l  A e r o n a u t i c a l  L a b o r a t o r y ,  B a n g a l o r e ,  I n d i a .  
F r e e- s t r e a m  dynamic  p re s su re  4, 
Abstract 
Flow u n s t e a d i n e s s  i n  t r a n s o n i c  
a n d  s u p e r s o n i c  t u n n e l s  o f t e n  c a u s e s  l a r g e  
sca t ter  a n d  when e x c e s s i v e ,  e v e n  impedes 
dynamic  s t a b i l i t y  m e a s u r e m e n t s  by  con-  
v e n t i o n a l  o s c i l l a t o r y  t e c h n i q u e s .  A n o v e l  
t e c h n i q u e  u t i l i s i n q  t h e  t u n n e l  u n s t e a d i n e s s  
a s  p r i m a r y  e x c i t a t i o n  o n  f l e x u r e- m o u n t e d  
models f o r  d y n a m i c  s t a b i l i t y  m e a s u r e m e n t s  
i n  a t r i s o n i c  blow-down t u n n e l  is  p r e s e n t e d  
i n  t h i s  p a p e r .  A t i m e  series A u t o r e g r e s -  
s i v e  m o d e l l i n g  t e c h n i q u e  is  u s e d  f o r  d e r i v -  
i n g  a d i g i t a l  s p e c t r u m  o f  t h e  u n s t e a d i n e s s  
exc i ted  m o d e l  r e s p o n s e  a n d  t h e  s y s t e m  
damping  i s  e v a l u a t e d  f rom t h e  h a l f - p o w e r  
b a n d w i d t h  o f  t h e  s p e c t r u m .  A t y p i c a l  
record l e n g t h  u s e d  f o r  t h e  spec t r a l  a n a l y -  
sis is 1 . 5  s e c o n d s .  The t e c h n i q u e ,  v a l i -  
dated b y  c o m p a r i s o n s  w i t h  c o n v e n t i o n a l  
f r e e - o s c i l l a t i o n  p i t c h - d a m p i n q  m e a s u r e-  
ments  o n  t w o  m o d e l s  a t  s u b s o n i c  a n d  
t r a n s o n i c  speeds, is w e l l  s u i t e d  f o r  
d y n a m i c  s t a b i l i t y  m e a s u r e m e n t s  o n  s t a b l e  
c o n f i g u r a t i o n s  i n  s h o r t  d u r a t i o n  i n t e r m i t -  
t e n t  f a c i l i t i e s .  
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'I. I n t r o d u c t i o n  
Wind t u n n e l  measurement  of 
dynamic  s t a b i l i t y  d e r i v a t i v e s  a r e  u s u a l l y  
b a s e d  o n  c o n v e n t i o n a l  f ree- osc i l la t  i o n  a n 6  
f o r c e d - o s c i l l a t i o n  me thods .  These t e c h -  
n i q u e s  employ s p r i n g - m u n t e d  models u s u a l l y  
c o n s t r a i n e d  t o  a s i n g l e  or sometimes t w o  
a n d  t h r e e  d e g r e e- o f  - f r e e d o m  m o t i o n  and  t h e  
d e r i v a t i e s  are o b t a i n e d  by a n a l y s i s  o f  t h e  
model r e s p o n s e  t u  a n  i n i t i a l  s t e p  d i s p l a c e -  
ment or a s t e a d y  s i n u s o i d a l  f o r c i n g  i n p u t .  
T h e  u n a v o i d a b l e  f l o w  f l u c t u a t i o n s  i n  t h e  
t u n n e l  f ree- st ream c o n s t i t u t e  o n e  o f  t h e  
c h i e f  s o u r c e s  of errors a d v e r s e l y  a r i e c t  i n g  
t h e  measurement  a c c u r a c y  of t h e s e  me thods .  
"he t u n n e l  u n s t e a d i n e s s  wh ich  is random 
i n  n a t u r e  ac ts  as  a n  a d d i t i o n a l  and un- 
w a n t e d  s o u r c e  o f  e x c i t a t i o n  o n  t h e  model 
a n d  t h e  r e s p o n s e  d u e  t o  t h i s  i s  s u p e r p o s e d  
o n  t h e  d e t e r m i n i s t i c  r e s p o n s e  of t h e  model 
( d e c a y i n g  or c o n s t a n t  a m p l i t u d e  o s c i l l a -  
t i o n s )  r e s u l t i n g  i n  l o w  s i g n a l  t o  n o i s e  
r a t i o  a n d  c o n s e q u e n t l y  l a r g e  sca t te r  i n  
m e a s u r e m e n t s .  The u s u a i  p r o c e d u r e  t o  
r e d u c e  i n a c c u r a c i e s  o n  t h i s  a c c o u n t  is t o  
c o n d u c t  l o n q e r  d u r a t i o . 7  tests w i t h  s e v e r a l  
damping c y c l e s  i n  f r e e - o s c i l l a t i o n  method 
* S c i e n t i s t  
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The A u t h o r s  w i s h  to a c k n o w l e d g e  t h e  a s s i s t a n c e  of K. P r a s a d a  Rao of Aerodynamics  
D iv i s ion ,  N a t i o n a l  A e r o n a u t i c a l  L a b o r a t o r y .  
or l o n g  da ta  r e c o r d i n g  i n  f o r c e d - o s c i l l a -  
t i o n  method and  t h e  s t a b i l i t y  d e r i v a t i v e s  
are e v a l u a t e d  by a n  a v e r a g i n g  p r o c e s s . .  
Such p r o c e d u r e s  i n  a d d i t i o n  t o  r e q u i r i n g  
l o n g  t es t  d u r a t i o n s  may n o t  be  h e l p f u l  i n  
some cases when t h e  u n s t e a d i n e s s  is h i q h  
arid t h e  s i g n a l  i s  l a r g e l y  :;ubrnerged i n  
n o i s e .  L e v e l s  of  u n s t e a d i n e s s  beyond 
rihich dynamic s t a b i l i t y  and o t h e r  dynamic 
measurements  nay no; be p o s s i b l e  a r e  some- 
t i m e s  s p e c i f i e d  -. 
Concept  of u s i n g  e n v i r o n m e n t a l  random 
d i s t L r L a n c e  a s  a t e s t  i n p u t  i s  c u r r e n t l y  
g a i n i n g  ? round  i n  maw2* b r a n c h e s  of e n g i -  
n e e r i n g 3 .  T h i s  t e c h n i q u e  which d i s p e n s e s  
w i t h  e x p e n s i v e  e x t e r n a l  e x c i t a t i o n  s y s t e m s ,  
i s  becoming i n c r e a s i n g l y  p o p u l a r  i n  f l i g h t  
f l u t t e r  t e s t i n g  where t h e  a t m o s p h e r i c  
t u r b u l e n c e  is u t i l i s e d  a s  t h e  p r i m a r y  
e x c i t a t i o n  ( R e f .  4 and 5 are e x a m p l e s ) .  
k ; p l i c a t i o n  of t h i s  t e c h n i q u e  f o r  wind 
t u n n e l  tests  h a s  m o s t l y  been  f o r  sub- 
c r i t i c a l  damping measurements  o f  f l u t t e r  
models617 a n d  t h e  o n l y  a t t e m p t  t o  a d a p t  
t h i s  t e c h n i q u e  fo r  dynamic s t a b i l i t y  mea- 
s u r e m e n t s  seems t o  be t h a t  of R e f .  8 .  
S e v e r a l  t e c h n i q u e s  are known €or 
a n a l y s i s  o f  random r e s p o n s e  o f  l i n e a r  
s y s t e m s  s u c h  a s  power s p e c t r a l  d e n s i t y ,  
a u t o - c o r r e l a t i o n ,  Random Decrement method 
e t c .  R e l a t i v e  merits o f  t h e s e  and o t h e r  
t e c h n i q u e-  are d i s c u s s e d  i n  Ref .  9 and 
c o m p a r a t i v e  e v a l u a t i o n s  of some of  t h e s e  
methods are a l so  found  i n  Ref .  6 ,  7 and 10. 
The Random D e c  met!iod d e v e l o p e d  by H . A .  
C o l e ,  Jr?l c a n  S e  a d a p t e d  f o r  o n - l i n e  
measurements  or f o r  d i g i t a l  c o m p u t a t i o n  
b a s e d  o f f - l i n e  a n a l y s i s .  Requirement  of 
l o n g  r e c o r d  l e n g t h s  Seems t o  i n h i b i t  a 
w i d e r  a p p l i c a t i o n  of t h i s  method t o  s h o r t  
d u r a t i o n  f a c i l i t i e s .  F o r  example it h a s  
b e e n  estimated12 t h a t  r e c o r d  l e n g t h s  of 
30 t o  1 5 0  s e c o n d s  are r e q u i r e d  for sub-  
c r i t i c a l  damping measurements  on t y p i c a l  
wind t u n n e l  f l u t t e r  mode ls .  Drane and 
H u t t o n l o  r e a c h  a s i m i l a r  c o n c l u s i o n ,  " t h e  
t i m e  needed t o g a t h e r  s u f f i c i e n t  data  f o r  
a n a l y s i s  would p r e c l u d e  u s e  of t h e  method 
i n  a l l  b u t  t h e  l o n g e s t  r u n n i n g  i n t e r m i t -  
t e n t  t u n n e l s " .  S p e c t r a l  and  correlat ion 
methods depend o n  t i m e  a v e r a g i n g  a n a l o g  
e l e c t r o n i c  c i r c u i t r y  and o f t e n  do n o t  
p o s s e s s  a d e q u a t e l y  l o w  bandwidth r e s o l u -  
t i o n .  U s e  o f  d i g i t a l  t e c h n i q u e s  f o r  
s p e c t r u m  e v a l u a t . i o n  of random s i g n a l  i s  
much more e f f i c i e n t  b e c a u s e  o f  ava i lab i-  
l i t y  o f  FFT and a l l i e d  t e c h n i q u e s .  These 
t e c h n i q u e s  c a n  be a d a p t e d  f o r  s h o r t  r e c o r d  
l e n g t h s  and hence  are best s u i t e d  f o r  
s h o r t  d u r a t i o n  i n t e r m i t t e n t  f a c i l i t i e s ,  
s u c h  as t h e  High Reynolds  number t r a n s o n i c  
wind  t u n n e l s  t h a t  are b e i n g  or p r o p o s e d  t o  
be b u i l t  a t  s e v e r a l  p l a c e s .  These  f a c i l i -  
t.ies have  t y ? i c a l l y  a b o u t  1 0  seconds tes t  
d u r a t i o n  and i!;cuq!? ? ? f o r t s  are underway 
t o  a c h i e v e  r e d u c e d  f l o w  unsteadiness, 
a v a i l a b i l i t y  of measurement t e c h n i q u e s  
s u i t a b l e  f o r  ' r o u g h '  f l m  t y p i c a l  o f  v e n t i -  
lated w a l l  t e s t  s e c t i o n s  would be 
a d v a n t a g e o u s .  
T h i s  p a p e r  p r e s e n t s  a d e s c r i p t i o n  o f  
some e x n e r i m e n t a l  i n v e s t i s a t i o n s  for  
dynamic s t a b i l i t y  measurements u s i n g  t h e  
f l o w  u n s t e a d i n e s s  as  t h e  p r i m a r y  e x c i t a t i o n  
on f l e x u r e - r o u n t e d  models i n a t r i s o n i c  blQli 
down t u n n e l .  "he mathemat ica l  mode l l ing  
t e c h n i q u e  used f o r  e v a l u a t i n g  t h e  s y s t e m  
r e s o n a n t  f r e q u e n c y  and damping from t h e  
model random r e s p o n s e  is  d i s c u s s e d  i n  
d e t a i l .  The t e c h n i q u e  is v a l i d a t c d  by 
compar i sons  w i t 1 1  c o n v e n t i o n a l  f r e e -  
o s c i l l a t i o n  measurements a t  s u b s o n i c  and 
t r a n s o n i c  s p e e d s .  
11. A n a l y t i c a l  Background 
The  method i s  s c h e m a t i c a l l y  i l l u s -  
t r a t e d  i n  F i g .  1. T!ie tes t  model w i t h  i t s  
f l e x u r e  s p r i n g  s u p p o r t  s y s t e m  is  assumed 
to  r e p r e s e n t  a s t ab l e  l i n e a r  dynamical  
s y s t e m  of  unknown d e g r e e s  of f reedom ex-  
c i t e d  s o l e l y  by t h e  t u n n e l  u n s t e a d i n e s s  
( though  damping e v a l u a t i o n  f o r  t h e  p r e s e n t  
t e s t s  w a s  b a s e d  on a s i n g l e  d e g r e e  of f r e e -  
dom a s s u m p t i o n ,  t h e  m a t h e m a t i c a l  m o d e l l i n g  
t e c h n i q u e  p r e s e n t e d  h e r e  h o l d s  good f o r  
t h e  g e n e r a l  case of  a m u l t i- d e g r e e  o f  
f reedom s y s t e m ) .  F u r t h e r ,  t h e  e x c i t a t i o n  
c a u s e d  by t h e  t u n n e l  u n s t e a d i n e s s  i s  
assumed t o  be a weakly s t a t i o n a r y  " w h i t e  
n o i s e "  p r o c e s s .  A well-known p r o p e r t y  of 
a s y m p t o t i c a l l y  s table l i n e a r  s y s t e m s  ex- 
c i t e d  by s t a t i o n a r y  w h i t e  n o i s e  p r o c e s s  is  
t h a t  t h e  o u t p u t  of t h e  s y s t e m ,  i n  t h i s  
c a s e  t h e  model response ,  is  a S t o c h a s t i c  
p r o c e s s  of r a t i o n a l  s p e c t r u m  which c a n  be 
d e s c r i b e d  by an A u t o r e g r e s s i v e  m d e l 1 3  ,14. 
The model r e s p o n s e  i s  used f o r  a n a t h e -  
matical model o f  unknown d e g r e e s  o f  f r e e -  
dom whose o u t p u t  c o r r e c t l y  matches  t h e  
r e c o r d e d  r e s p o n s e  i n  a least s q u a r e  
s e n s e .  Time series a n a l y s i s  c o n c e p t s  are 
u s e d  t o  f i t  an  A u t o r e g r e s s i v e  model whose 
order i s  d e t e r m i n e d  by a n a l y s i n g  t h e  resi-  
d u a l s  o f  t h e  m a t h e m a t i c a l  f i t .  The mathe- 
m a t i c a l  model is  used to e v a l u a t e  t h e  
A u t o r e g r e s s i v e  s p e c t r u m  from which t h e  
s y s t e m  r e s o n a n t  f r e q u e n c y  and h a l f  -power 
bandwid th  and  hence  t h e  s y s t e m  damping are 
extracted.  
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F i g . 1  S c h e m t i c  I l l u s t r a t i o n  of t h e  Method 
A u t o r e g r e s s i v e  (AR) Modellinq 
Anr oucpuc O L  crie syscern is t a k e n  L O  
b e  t h a t  o f  a n  n t h  order l i n e a r  dynamica l  
s y s t e m  e x c i t e d  by a n  i n a c c e s s i b l e  w h i t e  
n o i s e  r e p r e s e n t i n g  t h e  f low u n s t e a d i n e s s  
and is assumed t o  b e  s t a t i o n a r y  o v e r  t h e  
p e r i o d  of o b s e r v a t i o n .  T h i s  c o n t i n u o u s  
s t a t i o n a r y  random p r o c e s s  { y (t )} 
o b s e r v e d  a s  a d i s c r e t e  p r o c e s s  { y ( k ) )  , 
k= [ o , l ,  2 . .  , N+n] A t  where  !: >) n ,  u s i n g  
I-als  & b y  a z e r o  o r d e r  sampler. 
Sampling i n t e r v a l  is c h o s e n  t o  b e  compa- 
t i b l e  w i t h  t h e  s p e c t r u m  o f  i n t e r e s t l 4 .  
Then 
is 
u n i f o r m l y  s p a c e d  s a m p l e s  t a k e n  a t  i n t e r -  
e ( k )  = A ( z - ' )  y ( k )  i? 1 
r e p r e s e n t s  a n  n t h  order A u t o r e g r e s s i v e  
p r o c e s s ,  where  
: b a c k s h i f t  o p e r a t o r  r e p r e s e n t i n g  -1 z 
s a m p l i n g  t i m e  
A ( 2 - l )  : t h e  m a t h e m a t i c a l  model embrac ing  
t h e  s y s t e m  p a r a m e t e r s  
= l + a l z - l + a 2 z - 2 +  ... anz-n  
d i s t r i b u t e d  i n a c c e s s i b l e  w h i t e  
n o i s e  r e p r e s e n t i n g  t h e  e n v i r o n-  
ment and  p o s s e s s i n g  zero mean 
a n d  v a r i a n c e  o f  0-2 
E q u a t i o n  (1) c a n  b e  r e w r i t t e n  i n  t h e  
p r e d i c t i o n  fo rm as 
e ( k )  : i n d e p e n d e n t l y  and  i d e n t i c a l l y  
y ( k )  = e ( k )  - [ a l y ( k - 1 )  + 
a 2 y ( k - 2 )  + .. any(k-nr)  ( 2 )  
S i g n i f i c a n c e  o f  t h e  A u t o r e g r e s s i v e  model 
i s  t h a t  t h e  o u t p u t  of t h e  model i s  dorni- 
n a n t l y  a f u n c t i o n  o f  i t s  p r e d i o u s  h i s t o r y  
o v e r  t h e  p e r i o d  n A t ,  w i t h  a n  a d d i t i v e  b u t  
i n a c c e s s i b l e  w h i t e  n o i s e  component and  h a s  
a p r e d i c t o r  c a p a b i l i t y .  
e ( k )  r e p l a c e d  by  r(k) t o  r e p r e s e n t  resi- 
d u a l s  i n  t h e  e s t i m a t i o n  p r o c e d u r e  as 
E q u a t i o n  ( 2 )  c a n  be r e w r i t t e n  w i t h  
y ( k )  = r ( k )  - b l y ( k - 1 )  + 
a 2 y ( k - 2 )  + .. a n y ( k - n j  ( 3 )  
I f  E: s u c h  o b s e r v a t i o n s  of y(k) are 
mde c o n s e c u t i v e l y ,  t h e  set  of s u c h  
o b s e r v a t i o n s  c a n  be e x p r e s s e d  i n  t h e  
vector ma t r ix  n o t a t i o n  as 
Y = s & + s  ( 4 )  - 
where  T 
= [y (n+l )  y ( n + 2 )  .. y(n+Ng 
- A = [-a1 -a2 . . .. .. 
B = 3 .  
( .  
t h e  p a r a m e t e r  Vector & c a n  be e v a l ~ a t c d  0:. 
m i n i m i s i n a  t he  loss  f u n c t i o n ,  
\ * T i t & .  t h e  a s s u m p t i o n  t h a t  r e s i d u a l s  re- 
p r e s e n t  t h e  i n a c c e s s i b l e  w h i t e  n o i s e  t h e  
s e c c n d  t e r m  i n  t h e  e q u a t i o n  ( 5 )  t e n d s  t o  
z e r o  f o r  a l a r g e  o b s e r v a t i o n  v e c t o r  l e n g t h  
N, c o n s e q u e n t l y  r ( k )  = e ( k )  and 
E q u a t i m  ( 6 )  is  i d e n t i c a l  t o  t h e  Auto- 
r e g r e s s i v e  m d e l  f i t  t h a t  c a n  b e  o b t a i n e d  
f rom Y u l e W a l k e r  e x p r e s s i o n s 1 4 .  
The f i $  error which d e s c r i b e s  t h e  
a b i l i t y  o f  t o  p r e d i c t  t h e  s y s t e m  
r e s p o n s e  can  ge e v a l u a t e d  by t h e  q u a n t i t y ,  
T h i s  is  a u s e f u l  f i g u r e  of merit. 
b'odel ,>rder D e t e r m i n a t i o n  
Three  methods o f  d e t e r m i n i n g  t h e  model 
o r d e r  by a n a l y s i n g  t h e  r e s i d u a l  v e c t o r  a r e  
a v a i l a b l e  i n  t h e  l i t e r a t u r e l 4 , l j .  A model 
o-rder is  u s u a l l y  g u e s s e d  and  e s t i m a t i o n  of  
~ A R  car r ied  o u t  u s i n g  e q u a t i o n  ( 6 ) .  From 
t h i s  estimate,  r e s i d u a l s  r ( k )  c a n  b e  
e v a l u a t e d  u s i n g  e q u a t i o n  ( 3 ) .  
The f i r s t  t e c h n i q u e  is t o  e v a l u a t e  
t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  resi- 
d u a l s  f o r  v a r i o u s  t i m e  d e l a y s .  I f  t h e  
r e s i d u a l s  a r e  u n c o r r e l a t e d  t h i s  t e n d s  t o  
a n  i m p u l s e  f u n c t i o n  w i t h  c o r r e l a t i o n  
f u n c t i o n  v a l u e  
R: (T)/R: (0) less t h a n  1/&, f a r  7 $0 
2 where R ( 7 )  is  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  
g f  e(k): k=0 ,1 ,  .. N f o r  t i m e  l a q f  =k A t .  
The second  e c h n i q u e  is t h e  Repeated 
L e a s t  S q u a r e s  method w h e r e i n  t h e  mode1 
o r d e r  s t a t i s t i c s  Fn1n2 is e v a l u a t e d  as  
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where !-lo and Y '  are t h e  aerodynamic 
s t i f f n e s s  and $ampins d e r i v a t i v e s  . 
L 
F n l n 2  - , I J > n l  
V n2 * ( n 2 - n 1 )  Wher? t h e  f o r c i n g  f u n c t i o n  P ( t )  is  a 
w h i t e  n o i s e  p r o c e s s ,  t h e  bandwidth a t  
' h a l f- p o w e r '  p o i n t  on t h e  r e s p o n s e  s p e c t r u m  
c a n  be shown t o  be1' "1' 
w h t i !? 
' ~ ' J I ~  a r e  t:.'? loss f u n c t i  195. 7'51s i s  
s i  J n i f i c a n t  c!ianc;c 1" 
t ' \ ~  model Jrder.  
n7 i s  t5c new rodt.1 nrd<xr  and V 
t:-mwn t o  poss.-ss F - d i s + r l ! ) u t  i q n 1 6 -  I n -  A 0  = 2 0 3  - 
is souah t  "1.72 ,... proa r . ? s s ivc ly  incrtxi.sino where w is t 5 e  r e s o n a n t  f r e q u e n c y  and 
~ h t .  t h i r d  t r c h n i q d c  dut, t r ,  ~ ~ i j : a i ~ c ~ l j  
c o n s i s t s  of d e t e r m i n i n q  an  in f r , rn?a t ion  
c r i t e r i o n  kncwn a5 Akaikp's I n f o r m a t i o n  
C r i t e r i a  (AIC) f o r  a s c a n  of t h e  ~ n 2 - I  
o r d c r .  T!ie ATC i s  c ; i \ ~ n  by 
where n1 = test  model orde: and 
. P i - i  
A u t o r e g r e s s i v e  Spectrum and System 
Damping Eva lua t ion_  
Having e v a l u a t e d  t h e  i x d e l  ordex n ,  
and t h e  a s s o c i a t e d  p a r a m e t e r  v e c t o r  ~ A R ,  
t h e  A u t o r ~ 7 r e s s i v e  s p e c t r u m  a s s o c i a i c d  
w i t h  t h e  o b s e r v a t i o n  s i g n a l  c a n  be e v a l u -  
a t e d  by f r e q u e n c y  domain t r a n s f o r m a t i o n  
a s 1 4  
2 
A t  0- 
qAR (w)  = n 
I+ z a k  e x p ( i k  CJ A t )  
k = l  
where t h e  v a r i a n c e c r 2  = E ( e 2 )  a n d  i = Jl. 
5 
I 
b 
From t h e  A u t o r e g r e s s i v e  s p e c t r u m  t h e  
v a r i o u s  modes of  t h e  s y s t e m  and t h e  
a s s o c i a t e d  n a t u r a l  f r e q u e n c y  and bandwid th  
c a n  be i d e n t i f i e d .  
For t h e  p r e s e n t  s y s t e m ,  t h e  mdel 
s p r i n g  c o m b i n a t i o n  is  assumed t o  be a 
s i n g l e  d e g r e e  o f  f reedom s y s t e m  with con- 
s t a n t  p a r a m e t e r s  e x c i t e d  by t u n n e l  un- 
s t e a d i n e s s .  The g o v e r n i n g  d i f f e r e n t i a l  
e q u a t i o n  f o r  p i t c h i n g  o s c i l l a t i o n s  o f  t h e  
mde1.e i s  
D - ?-lb 
m $, t h e  dampinq r a t i o  = 
The s y s t e r  dampinq is hence  o b t a i n e d  a s  
(b 'M8)  = a m 1  
The s t r u c t u r a l  t e r m s  I and D are 
measured i n  a c o n v e n t i o n a l  wind- off  f r e e -  
o s c i l l a t i o n  t es t  and t h e  ' h a l f- p o w e r '  
bandwid th  is  o b t a i n e d  from t h e  Auto- 
r e q r e s s i v e  s p e c t r u m .  
111. Exper iments  
Wind Tunnel  
T e s t s  w e r e  c o n d u c t a d  i n  t h e  1-Foot 
Blowd-wn Tunnel  a t  NAL. r h i s  i s  a n  atmos-  
p h e r i c  d i s c h a r g e  t u n n e l  o ierated from 
compressed a i r  s t o r e d  a t  a maximum p r e s s u r e  
of 150 P S i g .  A v e r t i c a l  a x i s  r o t a t i n g -  
p l u g  v a l v e  controls t h e  t u n n e l  s t a g n a t i o n  
p r e s s u r e .  A r a d i a l  s p l i t t e r  f low- spread ing  
s y s t e m  i n s t a l l e d  i n  t h e  wir le-angle  d i f f u s e r  
p r e c e d i n g  t h e  s e t t l i n g  chamber h e l p s  t o  
r e d u c e  t h e  f l o w  uns tead iness" .  The t u n n e l  
is  o p e r a t e d  a t  a s t a g n a t i o n  p r e s s u r e  of 26 
p s i a  a t  s t l 'usonic  and  t r a n s o n i c  s p e e d s .  
The 12" X 1 5"  t r a n s o n i c  test s e c t i o n  h a s  
8% s l o t t e d  r o o f  and f l o o r  and s o l i d  s i d e  
w a l l s .  
A p p a r a t u s  
tes ts  w a s  a wal l- mounted o s c i l l a t i o n  r i g  
shown i n  F i g .  2 .  An i n t e r c h a n g e a b l e  t h r e e -  
s t r i p  c r o s s e d - f l e x u r e  p i v o t  a n c h o r e d  o n  
t h e  t u n n e l  s idewal l  p r o v i d e s  t h e  e las t ic  
s u s p e n s i o n  f o r  t h e  model ,  A r e f l e c t i o n  
p l a t e  e n a b l e s  t h e  model t o  be s u p p o r t e d  
o u t s i d e  t h e  t u n n e l  w a l l  bounda,ry l a y e r .  
A m e c h a n i c a l l y  a c t u a t e d  s p r i n g- l o a d e d  
d e v i c e  t r i g g e r s  t h e  d e c a y i n g  o s c i l l a t i o n s  
from a p r e s e t  i n i t i a l  a m p l i t u d e .  Rela- 
t i v e l y  s t i f f  f l e x u r e  p i v o t s  were used  t o  
r e d u c e  t h e  u n s t e a d i n e s s  exci ted model 
r e s p o n s e  t o  v a l u e s  l o w  enough t o  e n a b l e  
m e a n i n g f u l  f ree-oscillat i o n  measurements  
by c o n v e n t i o n a l  l o g  decrement  method. 
The b a s i c  a p p a r a t u s  used  for  t h e  
P. s t r a i n - g a u g e  bridge mounted o n  
where I ,  D a n d  K are t h e  s t r u c t u r a l  t h e  c e n t r e  s t r i p  o f  t h e  f l e x u r e  p i v o t  
i n e r t i a ,  damping a n d  s t i f f n e s s  r e s p e c t i v e l y .  p r o v i d e s  t h e  model r e s p o n s e  s i g n a l  which 1s 
F o r  s m a l l  d i s p l a c e m e n t s  t h e  p i t c h i n g  a m p l i f i e d  and  recorded s.imultaneous1y on a 
moment ?4 is  w r i t t e n  as FN magnet ic  t a p e  recorder and an oscillog- 
r a n h i c  recorder. I n  order t o  o b t a i n  a 
q u a l i t a t i v e  n a t u r e  of t h e  t u n n e l  u n s t e a d i -  
n e s s , s t a t i c  p r e s s u r e  f l u c t u a t i o n  s i g n a l  
i4 = ve e + 6 
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I n s t a i l a t i o n  P h o t o q r a p h  
2 .  . -2- c 
?!!b FLOW 
P l a n  V i e w  
F i g .  2 O s c i l l a t i o n  Rig 
f r o m  a 2 5  p s i a  ALINCO p r e s s u r e  t r a n s d u c e r  
moun ted  i n  a s u i t a b l e  h o u s i n g  o n  t h e  s ide-  
w a l l  was recorded o n  t h e  t ape  recorder. 
The p r e s s u r e  f l u c t u a t i o n s  w e r e  a n a l y s e d  
w i t h  a B 6 K Wave A n a l y z e r  a n d  L e v e l  
Recorder. The A u t o r e g r e s s i v e  m o d e l l i n g  
a n d  t h e  s p e c t r u m  w e r e  e v a l u a t e d  by a p r o -  
gram developed o n  a n  IBM 360 c o m p u t e r .  
A t y p i c a l  c o m p u t a t i o n  t i m e  w a s  2 m i n u t e s .  
Models a n d  Wind Tunne l  T e s t s  
Two h a l f - m o d e l s  ( F i g .  3 )  w e r e  u s e d  
f o r  t h e  tests. The wing- body model h a d  a 
fLntDncss  r a t i o  of 1 0  and a 6 3- d e g r e e  
cropped-delta wing  w i t h  a s y m m e t r i c a l  
doub le- wedge  sect ion o f  c o n s t a n t  t h i c k n e s s .  
T h i s  w a s  tested w i t h  t h e  a x i s  o f  o sc i l l a-  
t i o n  a t  75% o f  i t s  l e n g t h  from t h e  n o s e .  
The  o t h e r  model w a s  ?. 2 5- d e g r e e  i n c l u d e d  
a n g l e  c o n e  w i t h  t h e  a x i s  o f  o s c i l l a t i o n  
a t  70% of t h e  l e n g t h  from t h e  apex. The 
gap between t h e  nrodel p lane  o f  symmetry  
and t h e  r e f l e c t i o n  p l a t e  was 0.75mn for 
b o t h  t h e  m o d e l s .  
I n  a t y p i c a l  blowdown of a b o u t  30 
seconds d u r a t i o n  t h e  model r e s p o n s e  t o  
t u n n e l  u n s t e a d i n e s s  w a s  recorded for t h e  
f i r s t  8 s e c o n d s  a f t e r  f l o w  e s t a b l i s h a e n t  
c; -13- 
lo1 WING-BODY YODEL 
A L L  DIMENSIONS & R E  IN M W S  
r, I26 - * - - e o  - 
( b j  CONE YOOEL I 
F i s .  3 D e t a i l s  o f  !4odels 
i n  t h e  t u n n e l .  Tn t h e  s u b s e q u e n t  2 2  
s e c o n d s  t e s t  d u r a t i o n  c o n v e n t i o n a l  d e c a y-  
i n g  o s c i l l a t i o n  c y c l e s  were t r i g g e r e d  
s u c c c s s i v e l y  for 1 0  times. Wind-off f r e e -  
c s c i l l a t i o n  records were o b t a i n e d  beF ~ 
a n d  3 f t c . r  e a c h  blowdown. T h e  i n i t i a l  
s F l i t u d e  f o r  all f r e e - o s c i l l a t i o n  t e s t s  
w a s  1 . 5 O .  The maximum a m p l i t u d e  of t h e  
model random r e s p o n s e  t o  f l o w  u n s t e a d i n e s s  
v a r i e d  w i t h  Mach number and  was b e t w e e n  
0 . 1  a n d  0 . 2  d e q r e e .  
I\' R e s u l t s  a n d  D i s c u s s i o n s  
T y p i c a l  s t a t i c  p r e s s u r e  f l u c t u a t  i o n s  
spectra  p r e s e n t e d  i n  F i q .  4 show t h e  
e x i s t e n c e  of a wide band cL-equency i n  t h e  
t u n n e l  f l o w  a n d  t h o u g h  wavy, p a r t i c u l a r l y  
a t  '4 =0.7, t h e y  are  devoid of many s h a r p  
p e a k s  n e a r  f r e q u e n c i e s  o f  i n t e r e s t  (upto 
a b o u t  190Hz). T t  is p e r t i n e n t  t o  n o t e  
t h a t  t h e  s t a t i c  p r e s s u r e  f l u c t u a t i o n s  a t  
best r e f l e c t  o n l y  a q u a l i t a t i v e  p i c t u r e  o f  
t h e  t u n n e l  u n s t e a d i n e s s  a n d  t h e  e x c i t a t i o n  
on t h e  model  d e p e n d s  i n  g e n e r a l  o n  t h e  
nat.2z-e a n d  r e l a t i v e  m a g n i t u d e s  o f  f l u c t u a -  
t i o n s  i n  f r e e - s t r e a m  s t a t i c  a n d  t o t a l  
p r e s s u r e s ,  v e l o c i t y  a n d  t e m p e r a t u r e .  
The A u t o r e g r e s s i v e  model o r d e r  w a s  
d e t e r m i n e d  u s i n g  t h e  Repeated l ea s t  
S q u a r e s  method a n d  t h e  A I C  f o r  a s c a n  
s t a r t i n g  f r o m  5 t o  1 6 .  F i g .  5 shows t h e  
f i t  error ( e q n .  ( 7 ) )  a n d  t h e  A I C  ( e q n .  ( L .  J 
a s  a f u n c t i o n  o f  t h e  model o r d e r .  The 
o b s e r v e d  i n s i g n i f i c a n t  c h a n q e  i n  t h e  f i t  
error a n d  t h e  minima of A I C ,  which  i n d i -  
cates a n  unambiguous  model o r d e r ,  s u g g e s t  
t h e  test  c h o i c e  Of model o r d e r  a s  1 3 .  The 
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F i g .  5 Model O r d e r  D e t e r m i n a t i o n  
( a )  Record 
A 
(b) S p e c t r u m  
F i g .  6 T y p i c a l  Random Response  o f  t h e  Model 
f i t  error of t h e  A u t o r e g r e s s i v e  mdel 
2 e s c r i p t i o n  w a s  less  t h a n  1.5%19. 
A t y p i c a l  record l e n g t h  u s e d  f o r  
o b t a i n i n g  t h e  A u t o r e g r e s s  i v e  s p e c t r u m  o f  
t h e  model random r e s p o n s e  w a s  1 . 5  s e c o n d s .  
F i g .  6 shows a t y p i c a l  s p e c t r u m .  The 
m e a s u r e d  b a n d w i d t h  v a r i e d  b e t w e e n  0 . 1  a n d  
0.4Hz c o r r e s p c a d i n g  t o  damping r a t i o s  
b e t w e e n  0.003 a n d  0.01. I n  some cases t h e  
r e s p o n s e  a n a l y s i s  w a s  c a r r i e d  o u t  f o r  t h r e e  
d i f f e r e n t  samples f rom t h e  same blowdown 
a n d  t h e  e x t r a c t e d  damping  r a t i o s  a g r e e d  
w i t h i n  3 % .  R e s u l t s  f rom r e p e a t  blowdowns 
a l s o  showed good  a g r e e m e n t .  
The measu red  p i t c h- d a m p i n g  d e r i v a t i v e s  
f r o m  t h e  spec t r a l  a n a l y s i s  and  c o n v e n t i o n a l  
f r e e - o s c i l l a t i o n  me thods  are shown i n  
F i q .  7 . The average ~ a l u e  o f  t e n  damping 
c y c l e s  is p r e s e n t e d  a s  o n e  da ta  p o i n t  f o r  
t h e  f r e e - o s c i l l a t i o n  t e s t s .  A t y p i c a l  
s t a n d a r d  d e v i a t i o n  o f  t h e s e  v a l u e s  w a s  20%. 
R e s u l t s  f r o m  t h e  t w o  measurement  m e t h o d s  
a r e  s e e n  t o  be i n  e x c e l l e n t  a g r e e m e n t  f o r  
t h e  t w o  models i n  t h e  t e s t  r a n g e  o f  Pach  
numbers .  The good a g r e e m e n t  shown d e s p i t e  
some d i s c r e p a n c i e s  b e t w e e n  t h e  n a t u r e  of  
a s sumed  ( f l a t )  a n d  t h e  a c t u l l  (wavy) 
spectra o f  t u n n e l  u n s t e a d i n e s s  i s  n o t e-  
w o r t h y .  T h i s  i n d i c a t e s  t h a t  t h e  n a t u r e  o f  
u n s t e a d i n e s s  s p e c t r u m  a few o c t a v e s  beyond 
t h e  model n a t u r a l  f r e q u e n c y  may n o t  a f f e c t  
t h e  r e s u l t s .  I t  i s  b e l i e v e d  t h a t  t h i s  
would i n  g e n e r a l  be t r u e  f o r  t h e  u s u a l  
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Pi t ch- Damping  D r r i \ 7 a t i v c s  f r o m  S p e c t r a l  A n a l y s i s  
Sat  r o n  " C t h O d S  
h i , ? h  s p e e d  t u n n e l  dynamic  s t a h i l i t y  t e s t i n g  
s y s t e m s  w h i c h  h a v e  v e r y  low damping  r a t i o s  
(or h i q h  Q - f a c t o r a ) * O  a n d  c o n s e q u e n t l y  t h e  
model r e s p o n s e  t o  a l l  f r e q u e n c i e s  b u t  a 
f ew O c t a v e s  a r o u n d  t h e  s y s t e m  r e s o n a n t  
f r e q u e n c y  is  n e q l i q i b l e .  U n s t e a d i n e s s  
spectra i n  s e v e r a l  e x i s t  i n 9  tur .ne ls .21  
i n d i c a t e  t h a t  t h e  c h a r a c t e r i s t i c  s p e c t r u m  
a t  t r a n s o n i c  speeds is  a p p r o x i m a t e l y  f l a t  
i n  t h e  r e g i o n  o f  i n t e r e s t  f o r  d y n a m i c  
s t a b i l i t y  m e a s u r e m e n t s  a n d  a d v a n t a g e  c a n  
be t a k e n  of t h e  e x i s t i n g  t u n n e l  u n s t e a d i -  
r:ess f o r  c o n d u c t i n g  r e l a t i v e l y  more 
a c c u r a t e  a n d  less e x p e n s i v e  dynamic  
s t a b i l i t y  tes ts ,  a s  compared ic copven-  
t i o n a l  t e c h n i q u e s .  
V .  C o n c l u s i o n s  
The t e c h n i q u e  o f  u t i l i s i n g  t h e  f l o w  
u n s t e a d i n e s s  as t h e  p r i m a r y  e x c i t a t i o n  f o r  
dynamic  s t a b i l i t y  m e a s u r e m e n t s  i n  a 
t r i s o n i c  w i n d  t u n n e l  has b e e n  . l e I n o n s t r a t e d .  
A u t o r e g r e s s i v e  m o d e l l i n g  t e c h n i q u e  e n a b l e s  
t h e  u s e  of s h o r t  record l e n g t h s  f o r  de r iv-  
i n g  a d i g i t a l  s p e c t r u m  of model random 
r e s p o n s e .  The method can i n  general  be 
u s e d  f o r  d y n a m i c  s t a b i  l i t y  measu remen t  of 
s t a b l e  c o n f i g u r a t i o n s  and s o u l d  be p a r t i -  
c u l a r l y  a d v a n t a g e o u s  when large t u n n e l  
u n s t e a d i n e s s  and t h e  c o n s e q u e n t  poor s i g n a l  
to n o i s e  r a t i o  r e n d e r s  t h e  c o n v e n t i o n a l  
f r e e  and f o r c e d  o s c i l l a t i o n  t e c h n i q u e s  
u n s a t i s f a c t c r y  or  i n a p p l i c a b l e .  O t h e r  
a d \ * a n t a g e s  o f  t h e  method a r e  ( i )  no e x t e r -  
n a l  e x c i t a t i o n  e q u i p m e n t  is needed  
( i i )  s h o r t  record l e n q t h s  ( a b o u t  1 . 5  
s e c o n d s )  a re  a d e q u a t e  fo r  a c c u r a t e  m a -  
s u r e m e n t s  a n d  ( i i i )  b a n d w i d t h  r e s o l u t i o n  
i s  n o t  a l i p i t a t i o n .  The method is w e l l  
s u i t e d  f o r  dynamic  s t a b i l i t y  m e a s u r e m r . t s  
i n  s h o r t  d u r a t i o n  t r a n s o n i c  wind t u n n e l s .  
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a s  p r i m a r y  e x c i t a t i o n  o n  f l e x u r e- m o u n t e d  
models f o r  d y n a m i c  s t a b i l i t y  m e a s u r e m e n t s  
i n  a t r i s o n i c  blow-down t u n n e l  is  p r e s e n t e d  
i n  t h i s  p a p e r .  A t i m e  series A u t o r e g r e s -  
s i v e  m o d e l l i n g  t e c h n i q u e  is  u s e d  f o r  d e r i v -  
i n g  a d i g i t a l  s p e c t r u m  o f  t h e  u n s t e a d i n e s s  
exc i ted  m o d e l  r e s p o n s e  a n d  t h e  s y s t e m  
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f r e e - o s c i l l a t i o n  p i t c h - d a m p i n q  m e a s u r e-  
ments  o n  t w o  m o d e l s  a t  s u b s o n i c  a n d  
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Damping r a t i o  
E s t i m a t e d  A u t o r e g r e s s i v e  p a r a m e t e r  
v e c t o r  
7- "ime d e l a y  
A u t o r e g r e s s  i v e  s p e c t  r i l m  9 AR 
'I. I n t r o d u c t i o n  
Wind t u n n e l  measurement  of 
dynamic  s t a b i l i t y  d e r i v a t i v e s  a r e  u s u a l l y  
b a s e d  o n  c o n v e n t i o n a l  f ree- osc i l la t  i o n  a n 6  
f o r c e d - o s c i l l a t i o n  me thods .  These t e c h -  
n i q u e s  employ s p r i n g - m u n t e d  models u s u a l l y  
c o n s t r a i n e d  t o  a s i n g l e  or sometimes t w o  
a n d  t h r e e  d e g r e e- o f  - f r e e d o m  m o t i o n  and  t h e  
d e r i v a t i e s  are o b t a i n e d  by a n a l y s i s  o f  t h e  
model r e s p o n s e  t u  a n  i n i t i a l  s t e p  d i s p l a c e -  
ment or a s t e a d y  s i n u s o i d a l  f o r c i n g  i n p u t .  
T h e  u n a v o i d a b l e  f l o w  f l u c t u a t i o n s  i n  t h e  
t u n n e l  f ree- st ream c o n s t i t u t e  o n e  o f  t h e  
c h i e f  s o u r c e s  of errors a d v e r s e l y  a r i e c t  i n g  
t h e  measurement  a c c u r a c y  of t h e s e  me thods .  
"he t u n n e l  u n s t e a d i n e s s  wh ich  is random 
i n  n a t u r e  ac ts  as  a n  a d d i t i o n a l  and un- 
w a n t e d  s o u r c e  o f  e x c i t a t i o n  o n  t h e  model 
a n d  t h e  r e s p o n s e  d u e  t o  t h i s  i s  s u p e r p o s e d  
o n  t h e  d e t e r m i n i s t i c  r e s p o n s e  of t h e  model 
( d e c a y i n g  or c o n s t a n t  a m p l i t u d e  o s c i l l a -  
t i o n s )  r e s u l t i n g  i n  l o w  s i g n a l  t o  n o i s e  
r a t i o  a n d  c o n s e q u e n t l y  l a r g e  sca t te r  i n  
m e a s u r e m e n t s .  The u s u a i  p r o c e d u r e  t o  
r e d u c e  i n a c c u r a c i e s  o n  t h i s  a c c o u n t  is t o  
c o n d u c t  l o n q e r  d u r a t i o . 7  tests w i t h  s e v e r a l  
damping c y c l e s  i n  f r e e - o s c i l l a t i o n  method 
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